[1] From imaging spectrometer data, we simultaneously estimate the abundance of the three phases of water in an environment that includes melting snow, basing the analysis on the spectral shift in the absorption coefficient between water vapor, liquid water, and ice at 940, 980, and 1030nm respectively. We apply a spectral fitting algorithm that measures the expressed abundance of the three phases of water to a data set acquired by the Airborne Visible 
Introduction
[2] From an energy and biology perspective, water is one of the most important molecules in the Earth system. Energy is directly released or consumed in the transitions between the water vapor, liquid water, and ice, and effective study of Earth's energy cycle requires considering the water cycle coupled with it. For biology, at the fundamental level, liquid water is essential for life. From the human perspective, the distribution and availability of fresh water places a powerful control on the distribution and growth of civilization, hence the interest in snowmelt rates and processes in many regions. Finally, the behavior of snow as a material depends on the amount of liquid water amongst the grains. The research presented here establishes a spectroscopic approach for simultaneous derivation of the expressed abundance of the three phases of water, herein defined as the one-way path-length traversed by a photon through the different phases.
[3] The basis for simultaneous measurement of the three phases of water resides in the spectroscopy of water in the solar spectrum. Figure 1 shows the absorption spectrum for water vapor, liquid water, and ice for a 5mm path length. Each phase of water exhibits multiple absorption features between 400 and 2500nm, which result from combinations of the three fundamental vibrational absorptions of the water molecule that occur beyond this spectral region near 2900, 3100, and 6100nm. Water vapor exhibits finer spectral absorption structure because of the contribution of rotational absorption lines also. Liquid water and ice exhibit the comparatively broad molecular absorption bands of liquid and solid compounds, as well as nearly complete absorption beyond 1900nm. Making possible this spectroscopic separation of the three phases is the displacement of the absorption bands to longer wavelengths and lower absorption energies, caused by increased hydrogen bonding in the transition from the vapor to liquid to solid. In the spectral region from 850 to 1100nm, the absorption bands are of moderate strength and have absorption maxima at 940nm for water vapor, 980nm for liquid water, and 1030nm for water ice. This moderate absorption in conjunction with the spectral displacement provides the spectroscopic leverage for decoupling and measuring the abundance of three phases of water from a single spectroscopic measurement, expressed as an absorption path length.
[4] The increasing number of airborne imaging spectrometers (Table 1) will make spectroscopic data progressively more available. These instruments measure complete solar reflected spectra for each spatial element in the image over a range of spatial scales from 1m to 20m. One spaceborne instrument (Hyperion) has flown. Another (NEMO) has been canceled because of lack of participation by the commercial sector. An Australian instrument (ARIES-1) was planned for launch in 2002 but now has no specific date. A European instrument (SPECTRA) completed an initial study ("Phase A"), but is not yet selected for a mission [European Space Agency, 2004] .
[5] To pursue this three-phases-of-water research, we identified a data set acquired by the AVIRIS instrument [Vane et al., 1993; Green et al., 1998 ] over snow-and glacier-covered Mount Rainier, Washington in June 1996. Mount Rainier is the highest volcano in the Cascade Range of the United States, with a summit elevation of 4393m. The change in elevation from the summit to the adjacent lowlands below 1000m, in conjunction with the summertime acquisition, provides a data set with pronounced gradients in all three phases of water. Atmospheric water vapor varies with atmospheric path length, which is modulated by surface elevation. Surface liquid water varies with the amount of snowmelt, a function of the air temperature and solar heating at different elevations and exposures. Liquid water is also held in vegetation canopies at lower elevations. The distribution of surface ice varies with the occurrence of snow and glacier surfaces as a function of elevation, aspect, and glacier flow.
[6] From the perspective of water resources research and applications, the work presented here establishes the measurement of water vapor, liquid water, and ice across the spatial domain of the imaging spectroscopy data set. Their potential uses in a snow-covered environment include the measurement of regional and temporal variability of grain size and near-surface liquid water in snow. The measurement of water vapor-column-integrated precipitable water-is identical to that normally used in hydrology and meteorology. The measurements of grain size and nearsurface liquid water use the path-integrated absorption as indices; currently they have no equivalent measurement in snow hydrology, but they do indicate the spatial variability of albedo decay and the production of liquid water near the surface.
Background
[7] Many investigations in remote sensing have pursued the measurement of water across a range of spatial and temporal sampling scales. For water vapor, the approaches include the thermal infrared [Fischer et al., 1981] as well as the solar reflected portions of the spectrum [Kaufman and Gao, 1992] . For snow properties, the microwave portion of the spectrum is sensitive to the snowpack's water equivalent and to the amount of liquid water in the snow, whereas the solar-reflected part of the spectrum is mainly sensitive to the presence or absence of snow [König et al., 2001; Dozier and Painter, 2004] . With the passive microwave signal, one can distinguish wet from dry snow and estimate water equivalence over large pixels [Foster et al., 1997; Derksen et al., 2000] ; with an active microwave sensor one can estimate liquid water content [Shi and Dozier, 1995] and snow water equivalence [Shi and Dozier, 2000a; 2000b] at a spatial scale of ~30m. In the optical range of the spectrum, most applications involve the measurement of snow cover at coarse resolution at the global scale [Rango and Itten, 1976; Hall et al., 2002] or fine resolution at the regional or watershed scale [Rango and Martinec, 1979; Rosenthal and Dozier, 1996] .
[8] In the late 1970s and early 1980s a new type of remote sensing instrument was conceived and developed: the imaging spectrometer measures a continuous spectrum for each spatial element in the image. Early efforts to correct these data for atmospheric attenuation led to the recognition that atmospheric water vapor could be retrieved [Green, 2001] , and these retrievals led to the simultaneous assessment of water vapor in the atmosphere and liquid water in vegetation canopies [Gao and Goetz, 1990; Gao, 1996] . Patterns expressed in the distribution of vegetation liquid water and atmospheric water vapor derived from imaging spectrometer data have been explored, with the finding that liquid water content may be a more robust way to characterize vegetation that the traditional vegetation indices [Roberts et al., 1997] . In the solid phase of ice, imaging spectrometer data have been used to measure grain size along with subpixel snow cover [Nolin and Dozier, 2000; Painter et al., 2003 ].
[9] The previous research on measurement of water vapor, liquid water, or ice grain properties provides the background, basis, and impetus for the first simultaneous retrieval of all three phases of water.
Study Area and Measurements
[10] Mount Rainier, located at 46.85°N, 121.76°W with a summit elevation of 4393m, is a large stratovolcano composed of andesite rock that last erupted in the 1840s [Sisson, 1995] . The climate zone is mid-latitude temperate. At the Mount Rainier Paradise Ranger Station at 1654m elevation, the yearly average snowfall is 15.5m with an average water equivalent precipitation of 3.1m. The average summer low and high temperatures are 5° and 16° C respectively. The heavy snowfall feeds glaciers that extend to elevations below 1500m. The northward-flowing Carbon Glacier has an exceptionally low terminus of 1073m. The vegetation in the Mount Rainier study area consists of sparse alpine vegetation in the high exposed rock and soil zones, transitioning into forests containing Alaska yellow cedar and mountain hemlock in the lower elevations. The environmental and hydrological diversity of the area makes it ideal for the investigation of imaging spectroscopy measurements of the three phases of water.
[11] The AVIRIS data set of Mount Rainier was acquired on 14 June 1996 at 19:37 UTC (11:37 local time) from a NASA ER-2 aircraft flying at 20 km above sea level, when the aircraft was in the Pacific Northwest in the early summer. Local solar zenith and azimuth angles were 24.5° and 163.5° (clockwise from N). AVIRIS images have a 10.5 km swath width and up to 800 km image length. The spatial resolution is nominally 20m×20m when the surface is at sea level; at the Mount Rainier summit the resolution would be about 16m. For each spatial element in the image, the solar reflected radiance spectrum is measured from 370 to 2500nm at 10nm intervals.
AVIRIS is calibrated in the laboratory [Chrien et al., 1990; 1996] and compared with in-flight calibration .
[12] The Mount Rainier data set is 20 km in length along a north to south flight line. Figure 2 shows an AVIRIS radiance image and elevation map of the study area, and Figure 3 shows three extracted radiance spectra corresponding to the three principal surface cover types in the data set.
These measured spectra contain the integrated effects of solar illumination, two-way transmission and scattering through the atmosphere, and the reflectance of the surface. In these spectra, moderate to strong atmospheric water vapor absorptions have maxima near 940, 1140, 1380, 1900 , and beyond 2500nm. An atmospheric oxygen absorption band is evident near 760nm. The snow spectrum shows high radiance values from 400 to 800nm that decrease to near zero at 1400nm and remain low to 2500nm, with a broad ice absorption feature at 1030nm. The vegetation spectrum shows the strong absorption of chlorophyll from 400 to 700nm, with a subtle liquid water absorption feature at 980nm overlapping the water vapor absorption near 940nm. The rock spectrum shows moderate reflection across the spectrum. Through this cursory examination of these selected Mount Rainier spectra, the wide variation in the spectral signatures of the principal surface materials is evident. Most important for this research is the distinct spectroscopic appearance of water vapor, liquid water, and ice in the 850 to 1100nm region. The abundance of the three phases of water varies throughout the AVIRIS data set as a function of the atmosphere and surface constituents and conditions.
[13] Additional measurements and calculated parameters are available. The Paradise Ranger Station (1654m) recorded a temperature of 17°C at the time of the overflight, and the sky was clear. With a nominal dry atmosphere decrease in temperature of 8°C per km, air temperatures above freezing would extend to 3700m, but not to the 4393m summit. The 0° air temperature is only a rough indicator of snowmelt. Because snowmelt depends not on air temperature but on a balance of all energy fluxes-radiative, evaporative, and sensible-melt especially above timberline may occur when the air temperature is below 0°C through direct illumination and solar heating, or, in the absence of direct illumination, snow may remain dry when the air temperature is above 0°C. Thus the 3700m elevation gives only an approximate boundary for the transition of dry to melting snow at the time of the flight. 
Model and Algorithm
[15] The upwelling radiance measured by an imaging spectrometer is a function of the atmosphere, illumination, and surface reflectance properties that may be described using an equation of radiative transfer [Chandrasekhar, 1960; Liou, 1980] . A simplified solution of this equation that relates the radiance at the sensor to the illumination, atmospheric, and surface parameters is given in Equation (1) (1 ) Because AVIRIS is a near-nadir sensor, there is no term for the cosine of the view angle.
[16] The MODTRAN radiative transfer code [Berk et al., 1998; Anderson et al., 2000 ] uses a band model approach to calculate the upwelling spectral radiance based on illumination, atmosphere, and surface. At the water vapor absorption bands near 940, 1150, 1380, 1900, and beyond 2500nm, the upwelling radiance at the sensor varies in strength as a function of the column water vapor in the atmosphere. The AVIRIS signal is therefore sensitive to the amount of atmospheric water vapor across much of the instrument's spectral range. The 940nm water vapor band dominates in the spectral region from 850 to 1100nm, where there are also absorption bands for liquid water and ice. The modeled upwelling radiance is also a direct function of the knowledge of the top-of-atmosphere solar irradiance. Errors in this parameter will propagate directly into the modeled spectrum. The analyses presented herein use the calculated spectrum that is an option in MODTRAN [Kurucz, 1995] , which has no spectral structure in the 850 to 1100nm region.
[17] Measurement of the abundance of liquid water and ice in imaging spectroscopy data requires a spectral model for these phases of water. The spectroscopic interaction of liquid water and ice with electromagnetic radiation is described by the complex refractive index N n ik λ λ = + λ of these materials [Wiscombe, 2005] . There is little spectral variability in the real part n, just enough to cause a rainbow, but the absorption coefficient k varies by seven orders of magnitude over the visible and near-infrared wavelengths. In the spectral region from 850 to 1100nm, the absorption coefficient for ice is shifted toward longer wavelengths compared to water's absorption.
[18] Using the Beer-Lambert attenuation law [Born and Wolf, 1959] , Equation (2) 
[19] This model assumes that the dominant spectral effect of liquid water and ice in the spectral range 850 to 1100nm is the absorption of solar energy with respect to a baseline reflectance level. The absorption occurs in the passage of solar energy through the material before some fraction of it exits in the upward direction to interact with the atmosphere and then to be measured by the airborne or spaceborne sensor. The small, spectrally linear change in the real component of the refractive index of liquid water and ice over this restricted spectral range supports the assumption that absorption will be the dominant effect. Multiple scattering between the vegetation canopy and the snowpack is embedded in the equivalent path absorption parameter for liquid water and ice.
[20] To measure the expressed abundance of the three phases of water from the AVIRIS data, the MODTRAN radiative transfer code is linked to the surface liquid water and ice model and integrated into a downhill simplex multidimensional minimization algorithm [Press et al., 1986] .
This integrated spectral fitting algorithm iteratively adjusts the model parameters to match the modeled and measured spectra. When a threshold residual of the sum of the absolute differences is reached, the algorithm stops and reports the derived abundance of the three phases of water.
The algorithm converges rapidly towards a minimum, and many trials with different starting values confirm that a global minimum has been found. Moreover, the algorithm is insensitive to the choice of starting values. We can start with a dry atmosphere and no snowpack-i.e., [21] The output of the algorithm, when applied to an imaging spectroscopy data set, is a spectral fit for each pixel and an image for each phase of water: precipitable water vapor in mm and liquid water and ice absorption as equivalent path lengths in mm. To support detailed investigation of the algorithm and results, the modeled spectrum and the measured spectrum are reported for each pixel.
Analysis and Results

Spectral Fit Analysis
[22] To test the algorithm and investigate the distribution of the three phases of water over melting snow, the algorithm was applied to the AVIRIS Mount Rainier calibrated spectral radiance data set. To assess the quality of the spectral fits and explore the range of derived parameters, spectral fits from five diverse sites in the Mount Rainier data set were extracted and analyzed.
[23] Figure 5 shows spectral fits over different surfaces, both snow-covered (c and d) and snowfree (a and b). Variations between the AVIRIS-measured spectra and the model fits result from AVIRIS noise and calibration errors as well as errors in the MODTRAN solar irradiance and atmospheric model. We started each fit with no water vapor, no liquid water, and no ice. Figure   5a is the spectral fit for a rock-covered talus slope site (labeled R in Figure 2a ) at a low elevation on Mount Rainier. For this spectral fit over a rock surface, good agreement between the measurement and model is achieved with a water vapor amount of 8.3mm, a small amount of liquid water, and no ice, consistent with a low-elevation, rock-covered surface. Figure 5b shows the spectral fit for a vegetation-covered site (labeled V in Figure 2a ). The spectrally derived liquid water in the vegetation canopy is consistent with other measurements, which vary from near zero to more than 4mm Sims and Gamon, 2003] . A plant canopy model can relate the AVIRIS-derived equivalent path absorption to the distribution of liquid water in the vegetation canopy [Jacquemond, 1993] .
[24] Figure 5c shows the spectral fit near the summit of Mount Rainier (labeled FS in Figure 2a ).
The derived water vapor is 0.97mm, consistent with the atmospheric water vapor profile and the shorter total path through the atmosphere for the high-elevation summit. The derived liquid water for this site is 0mm, indicating that the snow was not melting, consistent with the estimated melting elevation around 3700m. At the summit, ice-equivalent path absorption of 19.08mm is derived, confirming that the surface snow at the summit was dry. Figure 5d shows the result for a mid-elevation, snow-covered site (MS on Figure 2a) . A moderate amount of water vapor is consistent with the site's elevation. The derived liquid water, 4.51mm, indicates the snow was melting at this 2400msite.
[25] Examination and analysis of these five spectral fits demonstrates the spectroscopic measurement of the three phases of water over a wide range of abundance and across the diverse environments contained in the Mount Rainier AVIRIS data set. Also included in this analysis of specific spectral fits is an anomalous spectrum ( Figure 6 ) with some of the highest combined amounts of liquid water and ice anywhere in the Mount Rainier data set. The location of this site is Crescent Lake in Mount Rainier National Park (labeled L in Figure 2a) , with water-saturated snow on the surface.
Image Analysis
[26] The AVIRIS Mount Rainier data set contains a calibrated radiance spectrum for each spatial element in the image. The three-phases-of-water algorithm produces corresponding images of water vapor, liquid water, and ice. Figure 7a shows the image of water vapor, which varies from more than 10mm in the valleys (below 1000 m) in the northwest to less than 1mm at the summit (4393 m). The water vapor values derived from the analysis show a very dry atmosphere that is consistent with the radiosonde data from Quillayute and Spokane (Figure 4 ). Other investigators previously found good relationships, at the 5 to 15% level, between AVIRIS derived water vapor and radiosonde measurements [Schläpfer et al., 1998 ] and even surface humidity measurements [Roberts et al., 1997] .
[27] The water vapor amount is well correlated with elevation (Figure 8 ), as other investigations have shown [Gao and Goetz, 1990; Roberts et al., 1997] . The spectral radiance measured from the lower valley regions passes through more of the lower, wetter atmosphere compared to the spectra from the higher elevations. In addition to elevation, factors such water vapor patchiness in the advected regional air mass along with local sources and sinks influence the amount of water vapor over each pixel. The relationship in Figure 8 falls between the two radiosonde profiles from the west and east of Mount Rainier acquired on the morning of the same day (Figure 4 ). Analyses like these may be used to explore this detailed distribution of water vapor in the atmosphere as well as to constrain and test spatial atmospheric models.
[28] Figure 7b shows derived liquid water, ranging from 0 to 13mm equivalent path absorption. derived liquid water to understand plant canopy water content [Serrano et al., 2000] and to derive important parameters such as leaf area index Ustin et al., 1998 ]. For snow-covered areas, the liquid water parameter indicates that surface melt is occurring and that surface temperature is 0°C. Moreover, the presence of liquid water causes snow grains to form clusters [Colbeck, 1979] , which behave optically as large grains, thus lowering the spectral albedo throughout the near-infrared [Wiscombe and Warren, 1980; Warren, 1982] and thereby also causing the ice absorption to increase. This derived liquid water parameter helps constrain spatial snow energy balance and runoff models. However, our analysis is not able to distinguish liquid water in the snow from liquid water in the vegetation; hence the measured value of liquid water is ambiguous in cases where wet snow lies under vegetation.
[29] Figure 7c is the ice phase image of water derived for the Mount Rainier data set. The equivalent path absorption varies from 0 to 30mm. The smallest values are in low-elevation areas that are solely rock and vegetation covered, and in exposed rock surfaces at all elevations including the summit. In the snow-and glacier-covered regions of Mount Rainier, high ice values are from the upper middle elevations. The highest elevations and summit show a moderate equivalent path absorption for ice, which is attributed to the smaller grain sizes likely in the zones of coldest snow. The multiple scattering of smaller grains reduces the total path through the ice grains in comparison to the longer equivalent path absorption associated with larger, more evolved ice grains at the middle and lower elevations.
[30] Finally, Figure 7d shows an integrated view of the distribution of the three phases of water in the Mount Rainier AVIRIS data set. In this image the blue tones associated with high water-vapor abundance are primarily found in the low valleys to the north and south of the study area.
Cyan indicates the presence of both high water vapor and liquid water and is found in the lowelevation, vegetated areas. Yellow regions are indicative of the presence of both liquid water and ice. These are the zones of melting snow and ice. Red zones of the image are regions where ice is present without liquid water and the water vapor abundance is low. The interplay of integrated solar and atmospheric heating in melting the snowpack is apparent in the slope, aspect, and elevation dependencies evident in this three-phases-of-water image. This color image presents and unites the measurements of the abundance of the three phases of water.
Transect Analysis
[31] To further investigate the interplay of the distribution of water in the Mount Rainier data set, Figure 9 shows a 22 km transect from the southwest corner of the image over the summit to the northeast corner (between A and A′ in Figure 2a ). At the southwest start of the transect, the 8.4mm water vapor, 1.7mm water, and 0mm ice are representative of the vegetated lower slopes.
At 2.3 km along the transect, the ice equivalent path absorption oscillates between 0 and 20mm, showing the patchy snow cover. Water vapor generally decreases with higher elevation but also tracks some small-scale variations in topography. The derived liquid water is generally greater in melting snow compared with that in vegetation. From 2.3 km to the summit at 9.0 km, water vapor decreases from 5.7 to 0.8mm. Liquid water absorption is in the 3mm range from 2.3 km to 7.7 km along the transect. Beyond 7.7 km, liquid water rapidly decreases toward zero and remains near zero across the summit. Over this part of the transect, the ice absorption remains generally high, but varies because of decreases in grain size and exposed rock, with a notable drop at 9.5 km. When an AVIRIS pixel contains both ice and rock, the strength of the ice absorption in the composite spectrum is diluted. 
Field Validation
[32] To validate this model's ability to describe the spectral characteristics of liquid water and ice absorption in dry and melting snow, we acquired surface reflectance measurements over melting snow on 26 May 2001 near Tioga Pass, California. We measured the reflectance of wet snow over a spectral range from 350 to 2500nm at 1nm sampling intervals. From snow section photographs [Dozier et al., 1987] , we estimated the grain radius of this late season snow at 0.6mm. The measurements were acquired at 18:06 UTC (10:06 local standard time) under a clear sky with a solar zenith angle of 29.1° and 16°C air temperature. The spectrometer was 1m from the snow surface with a projected sampling area of 14cm diameter. The spectra were calibrated to reflectance through a ratio with a known reflectance standard. The noise-equivalent delta reflectance of this field spectrometer, for a well-illuminated measurement, is less than 0.5% outside the regions of strong atmospheric water vapor absorption at 1400, 1900, and 2500nm. To test the model with both melting and dry snow, we acquired several melting snow spectra and then poured 1L liquid nitrogen into the snow to freeze it thoroughly.
[33] Figure 10a shows the melting and dry snow spectra acquired only 40s apart, along with the reflectance calculated from a model [Wiscombe and Warren, 1980] for clean snow with an effective grain radius of 0.6mm. The shift in the short wavelength edge of the 1030nm absorption feature as a function of snowmelt status is evident. Figure 10b shows the spectral fits and output equivalent path absorption for the melting and dry snow spectra. The excellent fit and consistent equivalent path absorption parameters validate this simple model for spectral description of the melting status of optically thick snow. These equivalent path absorption values are not the physical thickness of snow or depth of liquid water pooled on the surface of the snow.
They are thicknesses of ice and liquid water that explain the measured absorption in the spectrum analyzed. In the future, we will pursue more sophisticated multiple scattering models that attempt to describe the nonlinear effects of ice grain size, shape, and distribution as well as liquid water distribution and volume fraction. More advanced models must fit the measured spectra at least as well as this simple one.
Algorithm Sensitivity and Precision Analysis
[34] To assess whether the model accounts for the measured spectra with no obvious component omitted, spectral fits were calculated with liquid water and ice selectively excluded from the algorithm. Figure 11a shows the spectral fit result for the vegetation spectrum in Figure 5b , with liquid water excluded from the surface reflectance model. In this case, the residual fit difference shows a significant error centered in the 980nm liquid water absorption region. Water vapor is overestimated by 7.4% compared to the result when all three phases of water are included.
Similarly, Figure 11b shows the spectral fit for the melting snow spectrum in Figure 5d , excluding liquid water from the algorithm. The residual difference shows a large error in the 980nm liquid water absorption region. In this case, water vapor and ice absorption were overestimated by 34% and 9% respectively. Table 2 summarizes these sensitivity analyses, which show large residual errors when phases of water that are present in the measured spectrum are excluded from the algorithm. To achieve optimal spectral fits in an environment with all three phases of water present, all three phases of water must be included. The quality of fit between and measured and modeled spectra when all phases are included suggests there are no comparably large missing components.
[35] To examine the precision of the derived water vapor, liquid water, and ice parameters, a simple uncertainty analysis examines each phase of water for an apparently homogeneous zone over a 9×9 AVIRIS pixel sample. We assume that the variation of the parameter over this homogeneous area represents an upper limit on the precision uncertainty of the derived parameter, calculated as the percent standard deviation above the mean. A homogeneous site for the liquid water and ice parameter is labeled HLW2 in Figure 7b . A final high altitude ice site near the summit is labeled HI in Figure 7c .
[36] Table 3 summarizes the uncertainty estimates. The calculated uncertainties represent upper bounds, because actual parameter variation may exist to varying degrees in the sites selected for the analysis. For each parameter the calculated precision was better than 1.5%, with the exception of liquid water over the less-than-homogeneous vegetation site. In general, this good precision results because the spectral fitting approach solves for the three phases of water with measurements at 22 wavelengths from 850 to 1100nm. This level of derived parameter precision is important in order to contribute to and advance research with energy and hydrological models, as well as for measurement of spatial gradients and estimation of other variables. As far as we know, the method represents the only demonstration of simultaneous retrieval of column water vapor, along with the absorption path length of liquid water in snow and vegetation and ice in snow. The path lengths through the liquid and solid phases are related to the sizes of the ice grains and the water inclusions, but the precise nature of this relationship remains to be investigated.
Discussion
[37] Measurement of the abundance of the three phases of water from an imaging spectrometer is based on the overlapping absorption bands of water vapor, liquid water, and ice in the 850 to 1100nm portion of the spectrum. A simple surface reflectance model accounts for the spectroscopic expression of liquid water and ice, modeled with the Beer-Lambert attenuation law as the equivalent path absorption. This simple model succeeds because scattering does not significantly modify the spectral shape of the liquid water and ice absorption over this narrow spectral range, where neither ice nor water is transparent.
[38] Validation of the approach occurs through several lines of evidence. For water vapor, the results agree with regional radiosonde measurements, and the variability with elevation is consistent with expectations. For ice and liquid water, the measurements with a field spectrometer show the spectral shift that should occur as snow melts. The AVIRIS data show a lack of liquid water at the highest elevations. Ice abundance, ranging from 0 to 30.0mm equivalent path absorption, is absent in rock and low-elevation vegetated areas and is present over all glacier-and snow-covered areas. Moreover, the value is lower at higher elevations where the grain size would likely be finer. The presence of liquid water in the AVIRIS data at the lower elevations is consistent with expectations. Liquid water ranges from zero to 12.6mm and is low to absent over rock-dominated areas. Values of liquid water above 5mm equivalent path absorption are restricted to water-saturated snow or silt-laden glacial runoff, whereas the values below 5mm occur in vegetated areas and in the middle and low elevations where the snow was melting. The results encourage the exploration of the role the liquid water inclusions would play in a more formal radiative transfer calculation. Without these more physically based models, however, the spectroscopic results are useful in showing the presence of liquid water near the snow surface, an analysis that cannot be achieved at the spatial resolution of mountain topography from other instruments.
[39] By selectively disabling the liquid water and ice components of the algorithm, we can assess the sensitivity of the algorithm to the underlying spectral water models. With liquid water disabled, both the vegetation and melting snow spectrum show large residual fit errors at the 980nm liquid water absorption feature. With both liquid water and ice disabled in the algorithm, the spectral fit over melting snow produces a large error spanning the 980 to 1030nm regions of the liquid water and ice absorptions. Each phase of water present in the measured spectrum must be accounted for in the algorithm to achieve small residual differences in the spectral fit. It is therefore unlikely that the method shows a false presence of either ice or liquid water.
Summary and Conclusion
[40] We measured the expressed abundance of water vapor, liquid water, and ice over the melting snow of Mount Rainier with imaging spectroscopy data acquired in the solar reflected portion of the spectrum. The AVIRIS imaging spectrometer data set covers an area with large variability in the distribution and abundance of water vapor in the atmosphere, liquid water in vegetation and melting snow, and in snow and ice.
[41] Hydrology is the study of the three phases of water in Earth's environment. The investigation demonstrates the simultaneous measurement of the expressed abundance of water vapor, liquid water, and ice. This new approach with imaging spectroscopy data offers synoptic information about the abundance and distribution of the three phases of water and is relevant to a range of water resource research and application objectives. Specifically, the measurements can update and validate distributed snowmelt models.
[42] Next steps in this research are to pursue spectral surface reflectance models that more fully account for the multiple scattering of vegetation canopies with snow beneath them. These more advanced models may extend across more of the spectrum and will provide additional insight into the distribution of liquid water and ice in Earth's hydrological environment. Imaging spectroscopy data and corresponding analytic methods will lead to new capabilities for measurement and monitoring of water resources and processes.
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Figure Captions
Figure 1. Absorption spectra of water vapor, liquid water, and ice from 400 to 2500nm at 10nm spectral resolution. The spectrum for water vapor is for a path through an atmosphere with 5mm precipitable water. For liquid water and ice the spectrum is calculated for a 5mm path. 
